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ABSTRACT
We use 156 044 white dwarf candidates with ≥ 5σ significant parallax measure-
ments from the Gaia mission to measure the velocity dispersion of the Galactic disc;
(σU, σV , σW ) = (30.8, 23.9, 20.0) km s−1. We identify 142 objects that are inconsistent
with disc membership at the > 5σ level. This is the largest sample of field halo white
dwarfs identified to date. We perform a detailed model atmosphere analysis using op-
tical and near-infrared photometry and parallaxes to constrain the mass and cooling
age of each white dwarf. The white dwarf cooling ages of our targets range from 7 Myr
for J1657+2056 to 10.3 Gyr for J1049−7400. The latter provides a firm lower limit of
10.3 Gyr for the age of the inner halo based on the well-understood physics of white
dwarfs. Including the pre-white dwarf evolutionary lifetimes, and limiting our sample
to the recently formed white dwarfs with cooling ages of < 500 Myr, we estimate an
age of 10.9 ± 0.4 Gyr (internal errors only) for the Galactic inner halo. The coolest
white dwarfs in our sample also give similar results. For example, J1049−7400 has a
total age of 10.9-11.1 Gyr. Our age measurements are consistent with other measure-
ments of the age of the inner halo, including the white dwarf based measurements of
the globular clusters M4, NGC 6397, and 47 Tuc.
Key words: stars: evolution — white dwarfs — Galaxy: stellar content
1 INTRODUCTION
Age is a fundamental parameter for stars, yet the only fun-
damental age we can measure is that of the Sun through
the decay products of long-lived isotopes in the solar system
(Soderblom 2010). There are a variety of model-dependent
methods to estimate the ages of the rest of the ∼200 bil-
lion stars in the Galaxy, but the main problem has been the
lack of trigonometric parallax measurements that enable a
direct measurement of the luminosity of a star. Thanks to
the Gaia Data Release 2 (Gaia Collaboration et al. 2018), we
now have an unprecedented opportunity to measure the lu-
minosities and ages of a large number of stars in the Galactic
disc and the stellar spheroid (hereafter we simply say halo).
White dwarfs, with well-understood cooling physics,
provide an excellent alternative to commonly used age indi-
cators for the Galactic disc and halo, including cluster main-
sequence turn-off ages and nucleo-cosmochronometry (Sne-
den et al. 2003; Frebel et al. 2007). The cooling age of a
white dwarf can be measured easily if the atmospheric com-
position, temperature, and radius (mass) are known. White
dwarfs have relatively simple atmospheres due to the high
surface gravity, and the majority of them display pure hy-
drogen atmospheres.
There have been numerous efforts to measure the age
of the Galactic disc using cool white dwarfs (e.g., Winget
et al. 1987; Liebert, Dahn, & Monet 1988; Leggett, Ruiz,
& Bergeron 1998), but nearby halo white dwarfs have been
elusive. Previous efforts to obtain a luminosity function for
the halo have suffered from small numbers (Harris et al.
2006; Rowell & Hambly 2011; Kilic et al. 2017), except for
the globular cluster white dwarfs in M4, NGC 6397, and 47
Tuc (Hansen et al. 2004, 2007, 2013).
Most surveys for halo white dwarfs have relied on
large area surveys done with photographic plates to find
high proper motion objects, but they had limited suc-
cess. For example, Monet et al. (2000) searched 1378
square degrees and found one halo white dwarf candidate,
POSS 15:00:03.51+36:00:30.5. WD 0343+247 (also reported
as WD 0346+246, Hambly et al. 1999), PM J13420−415
(Le´pine, Rich, & Shara 2005), SDSS J110217.48+411315.4
(Hall et al. 2008), and LSR J0745+2627 (Catala´n et al.
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2012) are other examples of high proper motion (1.3, 2.55,
1.75, and 0.′′9 yr−1, respectively) halo white dwarf candidates
found in such surveys. Oppenheimer et al. (2001) used the
SuperCOSMOS sky survey (Hambly et al. 2001) to identify
38 high proper motion halo white dwarf candidates. How-
ever, the majority of these white dwarfs are too warm and
too young to belong to the halo unless they are the descen-
dants of sun-like stars with relatively long main-sequence
lifetimes (Bergeron et al. 2005). Follow-up ground-based
parallax measurements for 15 of these stars confirmed halo
membership at the > 3σ level for four of them (Ducourant
et al. 2007).
Kalirai (2012) identified four relatively warm (Teff ≥
14, 000 K) halo white dwarfs with M ≈ 0.55M, and de-
rived an age of 11.4±0.7 Gyr for the inner halo. Similarly, Si
et al. (2017) used Bayesian hierarchical modeling to derive
an age of 12.11+0.85−0.86 Gyr based on 10 candidate halo white
dwarfs, four of which had trigonometric parallax measure-
ments available. There are more than 105 objects with sig-
nificant parallaxes within the white dwarf region of the Gaia
color-magnitude diagram. Here we use this sample to mea-
sure the velocity dispersion of the Galactic disc and identify
142 objects as significant velocity outliers and as members of
the Galactic halo. Section 2 describes the Gaia sample selec-
tion and the velocity dispersion of the disc, whereas Section
3 presents a detailed model atmosphere analysis of the halo
white dwarfs based on optical and near-infrared photometry
and parallaxes. We present the results from this analysis in
Section 4, discuss the total ages of these stars in Section 5,
and conclude in Section 6.
2 THE WHITE DWARF SAMPLE
2.1 Gaia Sample Selection
We queried the Gaia database for objects with $ ≥ 5σ$ sig-
nificant parallaxes, and followed the recommendations out-
lined in Lindegren et al. (2018) to remove non-Gaussian out-
liers in colour and absolute magnitude. We employed the
astrometric and photometric quality cuts outlined in Ap-
pendix C of Lindegren et al. (2018). We used a simple cut
in (GBP − GRP,MG) space keeping only those sources fainter
than the line joining (-1,5) and (5, 25) to identify the clearly
subluminous stellar objects relative to the main sequence.
The query returned 156 044 sources.
2.2 The Velocity Dispersion of the Disc
Fuhrmann (2011) use a sample of 284 stars with Hippar-
cos parallaxes to measure the mean space velocities and
velocity dispersions of (U,V,W) = (2.5,−8.9,−1.0) km s−1
and (σU, σV , σW ) = (30.8, 17.4, 14.0) km s−1 for the thin
disc. The majority of the white dwarfs identified in our
query belong to the thin disc, but the fraction of thick
disc white dwarfs is likely around 20% (Reid 2005). In-
stead of trying to isolate clean samples of thin and thick
disc stars, we treat the entire sample as one, since we are
only interested in the significant velocity outliers. Since op-
tical spectroscopy and radial velocity observations are not
available for the majority of these targets, we simply as-
sume a zero radial velocity and calculate the three dimen-
Figure 1. Toomre diagram for 156 044 white dwarf candidates
with > 5σ$ significant parallax measurements in Gaia Data Re-
lease 2 (open circles). The dashed line marks the 5σUVW velocity
range of the entire sample. Halo white dwarfs with velocities that
are more than 5σ away from this boundary are shown as red filled
points.
sional velocities. Based on the 156 044 white dwarf can-
didates, we measure (U,V,W) = (4.8,−1.3, 3.0) km s−1 and
(σU, σV , σW ) = (30.8, 23.9, 20.0) km s−1 for the Galactic disc.
These are comparable to the mean velocities and velocity
dispersions derived by Fuhrmann (2011). However, the dis-
persions in V and W velocities are larger, likely due to the
contribution from thick disc stars.
2.3 Halo White Dwarfs
Figure 1 shows the Toomre diagram for our $ ≥ 5σ$ white
dwarf sample. The dashed line marks the 5σUVW velocity
ellipsoid for the entire sample. We take a conservative ap-
proach, and select only those objects with velocities that are
more than 5σ away from this boundary as members of the
Galactic halo. There are 142 white dwarfs that are clearly
not compatible with a disc origin. As expected for a halo
population, the majority of these velocity outliers lag be-
hind the disc with V ∼ −200 km s−1.
This sample includes two common-proper mo-
tion binary sytems (J075014.80+071121.3 plus
J075015.56+071109.3, and J115941.74−463034.3 plus
J115956.86−462903.3), and several previously identified
halo white dwarfs, including WD 0343+247 (Hambly et
al. 1999), LSR J0745+2627 (Catala´n et al. 2012), POSS
15:00:03.51+36:00:30.5 (Monet et al. 2000), WD 1448+077
and WD 1524−749 (Kalirai 2012), and several of the white
dwarfs identified by Oppenheimer et al. (2001). The proper
motions range from 0.′′16 yr−1 to 3.′′6 yr−1, with LHS 56
(WD 1756+827) being the highest proper motion halo
white dwarf identified here.
Out of the 142 white dwarfs, 59 have spectral classi-
fications in the literature, including 35 DA, 1 DB, 20 DC,
and 3 DQ white dwarfs. Using Gaia positions and proper
motions, we have cross-matched our halo white dwarf sam-
ple with the Sloan Digital Sky Survey Data Release 9 (Ahn
et al. 2012), the Panoramic Survey Telescope and Rapid
MNRAS 000, 1–15 (2018)
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Table 1. Gaia halo white dwarf sample. The positions are from Gaia Data Release 2, and are for the epoch 2015.5. Here we show the
first five objects in the list. The entire sample is available as a supplementary table in the online version of the article, which also includes
all of the available optical and near-infrared photometry.
Gaia Name Spectral RA DEC $ µRA µDEC G GBP GRP U,V,W
Source ID Type (◦) (◦) (mas) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (km s−1)
2313582750735435776 J000232.69−321149.1 DA 0.636201 −32.196974 5.13 268.5 −79.5 16.360 16.206 16.523 −172.6, −165.3, −33.8
2319735617804258176 J000707.96−311337.4 DB 1.783158 −31.227056 7.72 351.9 −127.2 16.665 16.522 16.785 −141.3, −156.7, −24.8
4922916739018189696 J001311.26−550104.6 . . . 3.296902 −55.017955 5.49 85.0 −284.9 18.520 18.576 18.319 37.0, −221.9, 108.9
2315640040069969152 J003008.73−324402.9 . . . 7.536394 −32.734135 4.26 269.9 −60.1 19.292 19.334 19.141 −213.0, −197.4, −11.1
4703491116182416896 J003428.89−684939.3 . . . 8.620368 −68.827585 14.98 −7.3 −506.2 18.970 19.463 18.293 68.9, −92.8, 113.6
Figure 2. Gaia color-magnitude diagram for the halo white dwarf
sample. The solid and dotted lines show the cooling sequences for
0.5M pure H and pure He atmosphere white dwarfs, respectively,
whereas the dashed lines show the same sequences for 0.4 and
0.8 M pure H atmosphere white dwarfs. Colored symbols mark
objects with optical spectra. Two ELM white dwarfs, LP400−22
and NLTT 11748, and two DC white dwarfs with mixed H/He
atmospheres, WD 0343+247 and WD 0541+260 are labelled.
Response System (Pan-STARRS, Kaiser et al. 2010), the
UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et
al. 2007), the UKIRT Hemisphere Survey (UHS, Dye et al.
2018), and the VISTA Hemisphere Survey (McMahon et al.
2013). Most importantly, Pan-STARRS 3pi survey provides
grizy photometry for 104 of our targets, and the SDSS pro-
vides ugriz photometry for 52 of our halo white dwarfs. Ta-
ble 1 presents the Gaia Source identifications, spectral types,
positions, parallaxes, proper motions, photometry, and UVW
space velocities for each target. The full table is available as
supplementary information in the online version of the arti-
cle and includes all of the available optical and near-infrared
photometry for each white dwarf.
Figure 2 presents the Gaia color-magnitude diagram for
our halo white dwarf sample, along with the cooling tracks
for 0.5M pure H and pure He atmosphere white dwarfs
(solid and dotted lines, respectively). To illustrate the mass
range of our sample of white dwarfs, we also plot the cool-
ing sequences for 0.4 and 0.8M pure H atmosphere white
dwarfs as dashed lines. The pure H atmosphere tracks show
the blue hook due to the collision induced absorption from
molecular hydrogen for MG ≥ 16 mag and Teff ≤ 3500 K.
Objects with spectral classifications are shown with colored
symbols. Interestingly, this sample includes objects with a
range of colors (temperatures) and magnitudes, and there-
fore a range of white dwarf masses and cooling ages. Two
of these white dwarfs, LP 400-22 and NLTT 11748 (labelled
in the figure), belong to the Extremely Low Mass (ELM,
M ≤ 0.3M) white dwarf population and they are both
found in short period binary systems (Kilic et al. 2009, 2010;
Kawka, Vennes, & Vaccaro 2010; Steinfadt et al. 2010). Two
other white dwarfs with mixed H/He atmospheres (see be-
low), WD 0343+247 and WD 0541+260, are also labelled.
Most of the white dwarfs in this figure lie near the 0.5M
tracks, indicating that they are relatively low-mass. A ∼ 10
Gyr old population should be currently forming ∼ 0.5M
white dwarfs. Hence, the overabundance of relatively low-
mass white dwarfs at the bright end of the cooling sequence
is not surprising. Even though the faintest (and hence old-
est) white dwarfs are expected to be on average more mas-
sive than those near the top of the cooling sequence (as they
should have evolved from more massive stars), there are the-
oretical considerations that make their detections unlikely.
Analyzing the local sample of white dwarfs with paral-
lax measurements, Fontaine, Brassard, & Bergeron (2001)
and Bergeron, Leggett, & Ruiz (2001) demonstrate that at
low temperatures, massive white dwarfs would be indeed
very old, but they are rare because of the relative under-
abundance of their progenitor massive stars. More impor-
tantly, the oldest massive white dwarfs would have entered
the rapid Debye cooling phase (van Horn 1968) and dis-
appeared from observational samples. This is also confirmed
through the observations of the faintest white dwarfs in glob-
ular clusters. For example, Figure 19 of Hansen et al. (2007)
shows the white dwarf luminosity function and the mass dis-
tribution for the globular cluster NGC 6397. Hansen et al.
(2007) found that the bulk of the luminosity function con-
tains white dwarfs of the same mass (0.52M) and that the
masses start to increase to 0.62M at the truncation of the
luminosity function. Hence, they conclude that the trunca-
tion in the luminosity function occurs due to the faster cool-
ing timescales of more massive white dwarfs at late times.
Figure 8 of Fontaine, Brassard, & Bergeron (2001) shows the
theoretical isochrones with and without the main-sequence
lifetimes taken into account. Because of the particular S-
shape of the isochrones, the majority of the oldest white
MNRAS 000, 1–15 (2018)
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Figure 3. Colour-colour diagrams for our halo white dwarf sample based on the Pan-STARRS grizy and SDSS u−band photometry.
The symbols and cooling sequences are the same as in Fig. 2.
dwarfs are actually found close to the 0.6M tracks. Hence,
the relatively large numbers of ∼ 0.5M cool white dwarfs
in our sample is consistent with the theoretical expectations
as well as the observed globular cluster white dwarf cooling
sequences.
Figure 3 shows colour-colour diagrams for our sample
of halo white dwarfs that are also detected in Pan-STARRS
(left panel) and the SDSS (right panel). The symbols and
cooling tracks are the same as in Fig 2. The colours for the
observed sample follow the predictions from the pure H or
pure He atmosphere models relatively well, and the coolest
white dwarfs seem to have temperatures near 3500 K. In
addition, several WDs with u − g ≈ 0.5 mag and unknown
spectral types follow the pure H atmosphere tracks, indicat-
ing that they suffer from the Balmer jump in the u−band
due to a H-rich atmosphere.
3 MODEL ATMOSPHERE ANALYSIS
We use the photometric technique described at length in
Bergeron, Ruiz, & Leggett (1997). Briefly, we convert the
available magnitudes m into average fluxes, fm
λ
, using a
procedure similar to that outlined in Holberg & Bergeron
(2006). The SDSS and Pan-STARRS are on the AB magni-
tude system, while the other datasets, including Gaia, are
on the Vega system. After estimating the average fluxes, we
compare them with the model Eddington fluxes, Hm
λ
, prop-
erly averaged over the appropriate filter bandpass. These
two average fluxes are related by the equation
fmλ = 4pi(R/D)2Hmλ (1)
where R/D defines the ratio of the radius of the star to its
distance from Earth. We define a χ2 value in terms of the
difference between observed and model fluxes over all band-
passes, properly weighted by the photometric uncertainties,
and minimize it using the nonlinear least-squares method of
Levenberg-Marquardt (Press, Flannery, & Teukolsky 1986).
We treat both Teff and the solid angle pi(R/D)2 as free param-
eters, perform fits for both pure H and pure He atmospheres,
and obtain the uncertainties for each fitted parameter di-
rectly from the covariance matrix of the fitting algorithm.
Using Gaia parallaxes, we obtain the radius R directly from
the solid angle and the distance D, and use the evolutionary
models for C/O white dwarfs (Bergeron, Leggett, & Ruiz
2001) to estimate the mass and cooling age of each object.
Only 55 of our halo white dwarfs are within 100 pc of
the Sun. Since they are within the Local Bubble (Lallement
et al. 2003), we assume that interstellar extinction is negligi-
ble for these stars. However, the remaining 87 targets suffer
from interstellar extinction. We follow Harris et al. (2006)
and correct for full extinction for stars beyond 250 pc, and
partial extinction, which changes linearly with distance, for
stars between 100 pc and 250 pc. We use the E(B − V) val-
ues from Schlafly & Finkbeiner (2011), and the extinction
coefficients of R = 3.384, 2.483, 1.838, 1.414, 1.126, 0.650,
0.327, and 0.161 for the Pan-STARRS grizy and the near-
infrared JHK filters, respectively (Green et al. 2018). We use
the extinction coefficients from Gentile Fusillo et al. (2018)
for Gaia photometry.
We present the SEDs and our model fits to both ob-
served and dereddened photometry for all 142 targets as
supplementary data in the online version of the article.
The median Galactic latitude |l | and E(B − V) for the 87
stars beyond 100 pc are 39◦ and 0.03 mag, respectively.
This sample includes three stars within 10◦ of the Galac-
tic plane: J053712.48+321501.0, J091304.64-375131.0, and
J214959.88+540841.9. Two of these are spectroscopically
confirmed DA white dwarfs. All three have Teff ∼10 000 K,
d = 100-200 pc, and our best-fit solutions change by up to
190 K in temperature and 0.02 dex in log g after the extinc-
MNRAS 000, 1–15 (2018)
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tion correction. These have negligible effects on our cooling
age estimates.
Our spectral energy distribution (SED) fits using SDSS
ugriz, Pan-STARRS grizy, Gaia G,GBP,GRP , and JHK pho-
tometry show that the quality of the Pan-STARRS grizy
photometry is superior to the SDSS photometry, and the
addition of the Pan-STARRS y filter photometry helps con-
strain the SED fits much better, especially for cool white
dwarfs. We also find that given the broad passbands, the
Gaia photometry is not as useful in constraining our model
fits. Therefore, we use the Pan-STARRS grizy and near-
infrared JHK photometry for the 104 targets that have Pan-
STARRS data available, plus the SDSS u-band data, if avail-
able. The u-band filter helps with distinguishing H atmo-
sphere white dwarfs since it covers the Balmer jump. For
the rest of the targets, we rely on the SDSS and/or Gaia
photometry plus JHK filters to constrain the fits.
Gentile Fusillo et al. (2018) compared the best-fit atmo-
spheric parameters for nearly 5,000 DA white dwarfs based
on the Pan-STARRS, SDSS, and Gaia photometry (see their
Figures 7 and 8), and found that they are in good agreement
across the temperature range 5,000 - 50,000 K with no clear
systematic trends. Hollands et al. (2018) studied the 20 pc
local white dwarf sample from Gaia, and found standard de-
viations of 3.1% in temperature and 0.1 dex in log g in the
published parameters.
Comparing the model fits for our halo white dwarf
sample based on Pan-STARRS and SDSS photometry,
we find average differences of 0.8 ± 2.3% in tempera-
ture and 0.005 ± 0.053M in mass, respectively. These are
well within the typical uncertainties of our measurements.
J115131.13+015952.6, is the only significant outlier in this
sample, however given its relatively cool temperature (4540-
4580 K), its spectral energy distribution peaks around 1µm,
and Pan-STARRS z− and y−band photometry provide supe-
rior constraints on its temperature compared to the SDSS.
Similarly, comparing the model fits based on Pan-STARRS
and Gaia photometry, we find average differences of 1.6 ±
4.7% in temperature and 0.006 ± 0.062M in mass, respec-
tively. Again, these are well within the typical uncertainties
of our measurements, and there is no evidence of significant
systematic effects. There are 11 objects with significant mass
differences of > 0.1M. However, the majority of these ob-
jects are cooler than 5,000 K, and therefore Pan-STARRS
z− and y−band photometry provide superior constraints on
temperature (and therefore mass), since temperatures and
radii (and masses) of the best-fit models are correlated.
4 RESULTS
4.1 DA White Dwarfs
There are 35 spectroscopically confirmed DA white dwarfs
in our sample, and we use the pure H atmosphere models
to fit their SEDs. Figure 4 shows our SED fits (top panels)
to three white dwarfs that are best-explained as pure H at-
mosphere white dwarfs. The error bars show the data, and
the filled and open circles show the predictions from the
best-fitting pure H and pure He atmosphere models. The
bottom panels show the optical spectra (if available in the
Montreal White Dwarf Database, Dufour et al. 2017) along
with the predicted Hα lines for the best-fitting pure H at-
mosphere models to the photometry. Note that this is not a
fit to the spectrum, but just a comparison to make sure that
our photometric solution is consistent with the observed Hα
line profiles for the white dwarfs that have optical spectra
available.
Figure 4 shows that our photometric solutions for both
J0148−1712 and J1345+4001 provide an excellent match to
the Hα line profiles for these stars, indicating that these
are clearly pure H atmosphere white dwarfs. J1345+4001
is warm enough to show a strong Balmer jump in the u-
band, and its SED demonstrates the usefulness of the u-
band photometry to identify H atmosphere white dwarfs
that lack follow-up spectroscopy. The right panels show our
fits to one such white dwarf, J1426+0949, that lacks optical
spectroscopy. The SED for J1426+0949 shows a significant
Balmer jump in the u-band, clearly demonstrating that this
is a H atmosphere white dwarf. We inspect the fits for all
52 targets with SDSS u−band data available, and identify
additional H atmosphere white dwarfs that lack follow-up
optical spectroscopy, but show the Balmer jump.
4.2 DB and DQ White Dwarfs
There are 1 DB and 3 DQ white dwarfs in our halo white
dwarf sample. We use pure He atmosphere models to fit the
SED for the DB white dwarf J0007−3113, and He atmo-
sphere models with trace amounts of C to fit both the SEDs
and the optical spectra for the DQ white dwarfs (see also Du-
four et al. 2005; Giammichele et al. 2012). One of the DQ
white dwarfs, J1045−1906 shows pressure shifted C2 Swan
bands, but the other two with Teff > 6000 K appear normal.
We measure C abundances ranging from log (C/He) = −7.9
to −3.5 for these three stars.
4.3 White Dwarfs with Featureless Optical
Spectra or Unknown Spectral Types
He i lines disappear below about Teff = 11 000 K in white
dwarf atmospheres, but H lines remain visible for tempera-
tures as low as 5,000 K (Bergeron, Ruiz, & Leggett 1997).
Hence, DC white dwarfs with effective temperatures between
≈ 5000 K and 11 000 K must have He-rich atmospheres.
Figure 5 shows our model fits to three DC white dwarfs,
including J0248−3001 (left panels). The observed SED for
J0248−3001 is best-explained by a model with Teff ≈ 6000
K. However, a pure H atmosphere white dwarf with that
temperature would show a significant Hα absorption line,
which is not observed. Hence, J0248−3001 clearly has a He
dominated atmosphere.
The middle and right panels in Figure 5 demonstrate
our choice of composition for two other DC white dwarfs,
WD 0343+247 and WD 0541+260 (J0544+2602). These
two white dwarfs are best explained by mixed H/He atmo-
spheres. J0544+2602 is warm enough to show an Hα ab-
sorption line if it had a pure H atmosphere. The lack of
Hα absorption clearly indicates a He-rich atmosphere, and
the observed SED is best explained by a model that has
log (H/He) = −0.38. Similarly, the SED for the well known
halo white dwarf WD 0343+247 requires a mixed atmo-
sphere with log (H/He) = 0.21 (see also Bergeron 2001; Kilic
et al. 2012).
MNRAS 000, 1–15 (2018)
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Figure 4. Top panels: SED fits for three white dwarfs that are best explained by pure H atmosphere white dwarf models. Error bars
show the data, and the filled and open circles show the predictions from the best-fitting pure H and pure He atmosphere white dwarf
models, respectively. Bottom Panels: Optical spectra (black lines, if available) around the Hα region for the same stars, and the predicted
Hα line profile from the best-fitting pure H atmosphere white dwarf model (red lines).
The choice of atmospheric composition for white dwarfs
cooler than Teff = 5000 K must rely on optical and near-
infrared photometry, as both pure H and pure He atmo-
sphere white dwarfs show featureless optical spectra at these
temperatures. Collision induced absorption from molecu-
lar hydrogen is visible in the near-infrared bands for white
dwarfs cooler than about 4000 K (Hansen 1998) for pure H
atmospheres, but it becomes visible at hotter temperatures
in higher density environments of He-rich atmospheres. H at-
mosphere white dwarfs also show significant absorption from
the red-wing of the Lyα line (Kowalski & Saumon 2006).
Hence, a combination of UV, optical, and near-infrared pho-
tometry can distinguish between H- and He-dominated at-
mospheres for cool white dwarfs with Teff ≤ 5000 K.
We inspected the model fits for all 142 targets and
decided on the atmospheric composition based on the Hα
line profiles (if available), the quality of the fits for all of
the photometric bands, and the presence or absence of a
near-infrared flux deficit due to molecular hydrogen. Table
2 presents the preferred composition, best-fitting effective
temperature, mass, surface gravity, and the cooling age of
each white dwarf. We cannot distinguish between the pure
H or pure He atmosphere solutions for 70 targets, as both
sets of models provide acceptable fits to the observed SEDs.
We present both H and He atmosphere solutions for these
70 objects.
4.4 Ultracool White Dwarfs
The star formation history of the Galactic halo is best de-
scribed by a single star burst model lasting over 1 Gyr with
an age of ∼12 Gyr (Reid 2005). Hence, the majority of the
intermediate-mass halo stars that have already evolved into
white dwarfs had enough time to cool down to temperatures
below 4,000 K and become ultracool white dwarfs.
Figure 6 shows the SEDs for six of the ultracool halo
white dwarfs in our sample. Optical spectroscopy is available
for only two of these white dwarfs, and both are classified
DC. However, all six should have featureless optical spectra
at these temperatures regardless of the atmospheric com-
position (unless they are metal-rich). All six of these stars
have optical and near-infrared photometry (at least in the
J−band) available, and the photometry clearly favors a H-
rich composition for all but one of them. The exception is
J1503+5509, for which the photometry is not precise enough
to distinguish between the H and He atmosphere solutions.
However, the remaining five stars in this figure show flux-
deficits in the near-infrared compared to the He atmosphere
models, indicating the presence of H in their atmospheres.
The best-fit temperatures range from 3590 K to 3940 for
these five white dwarfs.
The globular cluster M4 is currently forming 0.53 ±
0.01M white dwarfs (Kalirai 2012). Hence, the Galactic
halo is not old enough to form lower mass white dwarfs
(M ≤ 0.5M) from single stars. Therefore, low mass white
dwarfs are likely the result of enhanced mass loss in a bi-
nary system. Interestingly, only two of the ultracool white
MNRAS 000, 1–15 (2018)
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Table 2. Best-fit parameters for the halo white dwarf sample. The total ages are estimated based on the pre-white dwarf evolutionary
lifetimes from equation 2. Note that this equation over-estimates the total ages for the coolest white dwarfs.
Name Spectral Comp Teff Mass log g Cooling Age Total Age
Type (K) (M) (cm s−2) (Myr) (Gyr)
J000232.69-321149.1 DA H 20250 ± 3410 0.369+0.082−0.050 7.420+0.164−0.122 20+49−8 . . .
J000707.96-311337.4 DB He 17470 ± 3700 0.673+0.229−0.148 8.133+0.261−0.184 155+192−93 7.0+5.8−3.6
J001311.26-550104.6 . . . H 8870 ± 300 0.455+0.050−0.044 7.737+0.070−0.066 598+72−62 . . .
J001311.26-550104.6 . . . He 8430 ± 330 0.358+0.051−0.041 7.569+0.081−0.074 596+76−64 . . .
J003008.73-324402.9 . . . H 9330 ± 650 0.608+0.134−0.112 8.017+0.153−0.143 740+241−172 9.6+5.6−3.4
J003008.73-324402.9 . . . He 9150 ± 640 0.543+0.128−0.107 7.938+0.150−0.142 723+228−164 12.5+7.8−4.7
J003428.89-684939.3 . . . H 4870 ± 100 0.524+0.043−0.039 7.907+0.052−0.049 5211+732−734 18.0+1.9−1.5
J003428.89-684939.3 . . . He 4790 ± 70 0.472+0.036−0.034 7.832+0.046−0.044 4616+493−473 . . .
J004521.86-332952.0 . . . H 3940 ± 240 0.664+0.107−0.090 8.137+0.115−0.100 10100+710−858 17.1+2.3−1.6
J004521.86-332952.0 . . . He 4100 ± 120 0.627+0.091−0.077 8.095+0.099−0.088 7844+398−463 16.0+2.7−2.0
J005516.37+384748.2 DC He 5510 ± 70 0.236+0.016−0.015 7.263+0.036−0.037 1466+68−64 . . .
J010207.56-003301.5 DA H 11220 ± 430 0.623+0.045−0.044 8.032+0.054−0.053 466+62−54 8.8+1.6−1.3
J010848.50+151513.1 DA H 18000 ± 610 0.574+0.025−0.024 7.919+0.032−0.032 89+14−13 10.3+1.1−1.0
J011745.50+295454.9 . . . H 9480 ± 250 0.355+0.027−0.023 7.503+0.047−0.044 410+33−30 . . .
J011745.50+295454.9 . . . He 9360 ± 340 0.298+0.027−0.023 7.395+0.055−0.051 407+43−38 . . .
J013503.59-325954.1 . . . H 13500 ± 1580 0.397+0.075−0.052 7.570+0.122−0.100 152+78−50 . . .
J013503.59-325954.1 . . . He 13390 ± 1420 0.372+0.092−0.059 7.564+0.147−0.117 164+73−48 . . .
J013534.20-035721.1 DA H 6640 ± 130 0.658+0.073−0.075 8.110+0.081−0.087 2136+458−363 9.4+2.3−1.3
J014220.89-012356.6 . . . H 9880 ± 270 0.710+0.073−0.076 8.178+0.083−0.087 807+123−112 6.7+1.9−1.2
J014809.04-171231.6 DA H 7190 ± 140 0.498+0.031−0.029 7.833+0.041−0.039 1124+87−77 . . .
J015351.57-012347.6 DA H 9230 ± 230 0.663+0.063−0.064 8.107+0.072−0.076 869+113−107 7.9+2.0−1.4
J020306.58+354008.1 . . . H 7400 ± 220 0.544+0.043−0.038 7.917+0.052−0.050 1174+131−117 12.9+2.1−1.9
J020306.58+354008.1 . . . He 7050 ± 210 0.445+0.044−0.039 7.767+0.059−0.056 1140+127−111 . . .
J020337.73-045915.7 DA H 24720 ± 930 0.484+0.024−0.021 7.695+0.039−0.036 17+2−2 . . .
J023438.80-594417.0 . . . H 8580 ± 430 0.491+0.095−0.080 7.811+0.122−0.116 704+147−114 . . .
J023438.80-594417.0 . . . He 8280 ± 450 0.412+0.097−0.076 7.693+0.133−0.126 698+156−115 . . .
J023737.80-844521.4 . . . [H/He=1.84] 3840 ± 170 0.425+0.080−0.066 7.745+0.106−0.098 6395+860−1027 . . .
J024138.84-482144.9 . . . H 13910 ± 1420 0.570+0.110−0.095 7.930+0.135−0.131 223+96−71 10.6+5.7−3.7
J024138.84-482144.9 . . . He 13380 ± 1240 0.524+0.125−0.101 7.888+0.154−0.145 239+100−72 13.0+8.2−5.2
J024813.73-300127.8 DC He 6020 ± 160 0.521+0.048−0.043 7.913+0.058−0.054 2155+350−269 15.1+2.7−2.2
J025754.76+075101.6 . . . H 8990 ± 350 0.580+0.085−0.079 7.971+0.100−0.102 763+145−116 10.7+4.2−2.8
J025754.76+075101.6 . . . He 8820 ± 400 0.514+0.089−0.080 7.889+0.109−0.110 750+149−125 14.2+6.4−4.2
J030023.97-042529.8 DC He 5860 ± 110 0.526+0.074−0.072 7.924+0.088−0.094 2446+568−424 15.1+4.9−3.0
J030144.18-004446.6 DC H 4340 ± 80 0.451+0.049−0.045 7.780+0.063−0.063 5766+758−722 . . .
J031000.79+163018.0 DA H 17960 ± 2010 0.482+0.069−0.053 7.735+0.100−0.086 64+41−23 . . .
J032228.50+835224.1 . . . H 6170 ± 180 0.573+0.057−0.053 7.973+0.068−0.065 1989+324−224 12.3+2.5−1.9
J032228.50+835224.1 . . . He 6030 ± 170 0.504+0.059−0.052 7.884+0.072−0.068 2039+353−267 16.1+3.8−3.0
J034200.81+361556.0 . . . H 19580 ± 830 0.506+0.042−0.037 7.777+0.060−0.059 46+11−8 14.0+2.7−2.4
J034532.94-361113.1 DC He 4300 ± 60 0.420+0.047−0.042 7.736+0.063−0.063 5006+551−536 . . .
J034647.11+245544.7 DC [H/He=0.21] 3580 ± 40 0.331+0.022−0.020 7.545+0.036−0.035 5364+357−331 . . .
J034856.92-034701.4 . . . H 6410 ± 180 0.630+0.071−0.070 8.066+0.080−0.083 2165+490−367 10.2+2.4−1.5
J034856.92-034701.4 . . . He 6220 ± 170 0.548+0.073−0.070 7.959+0.085−0.089 2036+412−283 13.5+4.2−2.7
J035228.87-412657.8 . . . H 5700 ± 150 0.610+0.078−0.076 8.039+0.089−0.091 2898+867−568 11.7+2.9−1.5
J035228.87-412657.8 . . . He 5460 ± 140 0.501+0.078−0.074 7.882+0.095−0.097 3114+862−598 17.4+5.8−3.4
J041309.57-571341.1 . . . H 10940 ± 640 0.521+0.075−0.064 7.854+0.096−0.090 398+84−69 13.4+4.7−3.6
J041309.57-571341.1 . . . He 10810 ± 680 0.447+0.080−0.064 7.750+0.108−0.100 370+88−68 . . .
J043236.94-390203.0 DC H 4580 ± 100 0.404+0.044−0.038 7.685+0.061−0.057 3893+668−465 . . .
J045400.36-432246.6 . . . H 11120 ± 450 0.417+0.028−0.025 7.637+0.044−0.040 296+39−34 . . .
J045400.36-432246.6 . . . He 10940 ± 460 0.347+0.031−0.025 7.518+0.055−0.050 290+38−33 . . .
J045823.12-563733.5 . . . H 26760 ± 2890 0.394+0.064−0.041 7.427+0.136−0.116 14+5−4 . . .
J045823.12-563733.5 . . . He 32390 ± 4770 0.415+0.075−0.049 7.530+0.144−0.120 9+5−5 . . .
J053712.48+321501.0 DA H 11580 ± 590 0.236+0.011−0.010 7.041+0.039−0.037 155+27−23 . . .
J054458.81+260238.6 DC [H/He=−0.38] 4830 ± 70 0.238+0.019−0.017 7.281+0.041−0.041 2090+98−95 . . .
J054517.81-414823.3 . . . H 6450 ± 240 0.512+0.090−0.080 7.864+0.111−0.109 1534+293−235 15.1+6.4−4.2
J054517.81-414823.3 . . . He 6220 ± 220 0.424+0.088−0.077 7.729+0.119−0.118 1500+311−234 . . .
J054936.61+232938.9 . . . He 4730 ± 40 0.306+0.015−0.015 7.476+0.028−0.027 2605+93−86 . . .
J055038.28-361633.8 . . . H 20260 ± 1760 0.609+0.058−0.049 7.973+0.073−0.065 61+32−23 8.9+2.0−1.8
J055038.28-361633.8 . . . He 19980 ± 2700 0.630+0.091−0.072 8.055+0.108−0.091 79+63−39 8.2+2.9−2.3
J055910.47+424838.1 . . . H 6870 ± 190 0.563+0.052−0.048 7.952+0.062−0.061 1483+177−153 12.2+2.5−2.0
J055910.47+424838.1 . . . He 6520 ± 180 0.452+0.052−0.046 7.784+0.068−0.066 1422+167−151 . . .
MNRAS 000, 1–15 (2018)
8 Kilic et al.
Table 2 – continued
Name Spectral Comp Teff Mass log g Cooling Age Total Age
Type (K) (M) (cm s−2) (Myr) (Gyr)
J061105.02-252027.9 . . . H 7000 ± 250 0.631+0.077−0.074 8.064+0.088−0.088 1665+325−246 9.7+2.7−1.8
J061105.02-252027.9 . . . He 6800 ± 240 0.555+0.082−0.075 7.969+0.094−0.095 1595+309−211 12.7+4.5−3.0
J064832.45+302639.1 . . . H 9740 ± 370 0.449+0.079−0.070 7.720+0.110−0.112 463+78−65 . . .
J064832.45+302639.1 . . . He 9810 ± 490 0.399+0.081−0.069 7.653+0.119−0.120 434+86−66 . . .
J071147.80+460734.7 DC He 4820 ± 70 0.435+0.040−0.037 7.763+0.054−0.053 3872+548−458 . . .
J072112.45+104219.8 . . . H 13260 ± 1060 0.389+0.067−0.054 7.552+0.111−0.107 158+52−38 . . .
J072112.45+104219.8 . . . He 14460 ± 1220 0.420+0.093−0.070 7.673+0.135−0.125 140+54−38 . . .
J074509.56+262655.3 DC H 3880 ± 60 0.468+0.032−0.030 7.814+0.041−0.040 7707+427−435 . . .
J074521.02+685653.9 . . . H 5720 ± 140 0.578+0.054−0.049 7.987+0.062−0.060 2545+486−332 12.6+2.1−1.6
J074521.02+685653.9 . . . He 5600 ± 130 0.510+0.053−0.048 7.898+0.064−0.062 2841+603−417 16.5+3.2−2.3
J075014.80+071121.3 DC He 4430 ± 50 0.479+0.028−0.026 7.847+0.035−0.034 5584+326−321 . . .
J075015.56+071109.3 DC He 4730 ± 60 0.524+0.028−0.026 7.926+0.034−0.033 5643+296−313 18.4+1.4−1.2
J082219.34-124924.0 . . . H 4120 ± 160 0.453+0.069−0.058 7.785+0.088−0.082 6583+1042−999 . . .
J082219.34-124924.0 . . . He 4260 ± 90 0.459+0.051−0.046 7.809+0.066−0.063 5720+565−564 . . .
J084054.32+145706.6 DA H 11070 ± 390 0.582+0.069−0.067 7.963+0.083−0.087 441+67−58 10.3+3.4−2.4
J084623.66+492532.0 DA H 9050 ± 260 0.340+0.053−0.045 7.468+0.094−0.094 451+48−43 . . .
J091304.64-375131.0 . . . H 9420 ± 540 0.571+0.090−0.074 7.953+0.107−0.096 661+150−114 11.0+4.1−3.1
J091304.64-375131.0 . . . He 9250 ± 570 0.504+0.089−0.072 7.868+0.111−0.099 644+151−119 14.7+6.0−4.5
J091523.36-214923.6 . . . H 5850 ± 110 0.494+0.035−0.032 7.837+0.045−0.043 1899+149−139 . . .
J091523.36-214923.6 . . . He 5620 ± 100 0.395+0.033−0.030 7.677+0.047−0.046 2069+191−183 . . .
J092531.22+001814.7 . . . [H/He=0.07] 4220 ± 70 0.360+0.038−0.035 7.609+0.059−0.058 4199+499−452 . . .
J093900.89+391609.4 . . . H 4910 ± 120 0.382+0.087−0.080 7.633+0.124−0.135 2789+802−533 . . .
J093900.89+391609.4 . . . He 4880 ± 90 0.361+0.084−0.076 7.609+0.122−0.135 2789+708−393 . . .
J094129.72+651131.9 . . . H 4400 ± 90 0.427+0.038−0.034 7.733+0.051−0.049 5022+643−578 . . .
J094129.72+651131.9 . . . He 4470 ± 60 0.429+0.035−0.032 7.752+0.047−0.046 4670+444−406 . . .
J095651.56+250546.3 . . . H 5970 ± 260 0.439+0.106−0.092 7.729+0.140−0.144 1565+354−280 . . .
J095651.56+250546.3 . . . He 5790 ± 240 0.366+0.103−0.085 7.612+0.148−0.154 1694+433−348 . . .
J100514.02+025416.9 . . . H 4510 ± 80 0.513+0.087−0.087 7.891+0.103−0.114 6444+1090−1388 19.9+5.9−3.2
J100514.02+025416.9 . . . He 4550 ± 60 0.505+0.085−0.085 7.894+0.100−0.113 5718+798−1038 19.7+6.4−3.7
J100817.57-430633.1 . . . H 9760 ± 530 0.526+0.078−0.063 7.870+0.098−0.087 545+109−87 13.2+4.4−3.6
J100817.57-430633.1 . . . He 9480 ± 570 0.442+0.075−0.059 7.747+0.102−0.091 523+114−89 . . .
J103654.94+073210.8 DC H 4260 ± 90 0.388+0.044−0.038 7.655+0.062−0.060 4803+657−593 . . .
J103654.94+073210.8 DC He 4390 ± 60 0.409+0.042−0.038 7.712+0.058−0.057 4554+509−463 . . .
J103920.88+054358.9 DC He 7050 ± 110 0.649+0.063−0.065 8.121+0.069−0.074 1892+333−272 9.4+2.0−1.3
J104006.88+244227.9 . . . H 6540 ± 140 0.419+0.080−0.074 7.681+0.112−0.121 1191+180−145 . . .
J104006.88+244227.9 . . . He 6460 ± 140 0.374+0.080−0.074 7.620+0.119−0.128 1193+190−140 . . .
J104537.00-190654.4 DQ [C/He=−7.92] 5270 ± 60 0.327+0.015−0.014 7.526+0.025−0.025 2110+85−80 . . .
J104557.37+590428.6 DQ [C/He=−3.51] 8690 ± 120 1.029+0.016−0.015 8.701+0.020−0.020 2715+81−80 4.8+0.0−0.0
J104957.54-740028.4 . . . H 3940 ± 180 0.694+0.079−0.069 8.183+0.085−0.076 10310+480−558 16.6+1.4−1.1
J105356.88-030758.2 . . . H 3740 ± 100 0.272+0.045−0.039 7.377+0.084−0.085 3897+615−408 . . .
J110114.85+633345.8 . . . H 4430 ± 100 0.506+0.058−0.054 7.879+0.070−0.069 6563+808−870 20.5+3.4−2.4
J110114.85+633345.8 . . . He 4480 ± 70 0.495+0.056−0.051 7.876+0.068−0.067 5736+572−619 . . .
J110704.77+040907.5 DA H 22860 ± 910 0.570+0.033−0.031 7.887+0.045−0.044 27+7−5 10.4+1.5−1.4
J111248.13-750035.4 . . . H 11240 ± 660 0.296+0.026−0.020 7.303+0.058−0.054 222+42−35 . . .
J111248.13-750035.4 . . . He 11200 ± 600 0.255+0.027−0.021 7.217+0.072−0.063 222+39−33 . . .
J114730.20-745738.2 . . . H 4210 ± 80 0.600+0.041−0.038 8.038+0.046−0.044 8781+401−436 17.9+1.2−1.0
J115131.13+015952.6 . . . H 4540 ± 90 0.474+0.065−0.061 7.821+0.081−0.083 5499+1022−1004 . . .
J115131.13+015952.6 . . . He 4580 ± 70 0.469+0.063−0.059 7.829+0.079−0.081 5069+742−756 . . .
J115941.74-463034.3 . . . H 4610 ± 140 0.568+0.075−0.065 7.984+0.085−0.078 7067+911−954 17.6+2.7−1.9
J115941.74-463034.3 . . . He 4600 ± 100 0.542+0.064−0.057 7.956+0.074−0.069 6129+554−615 17.9+3.0−2.3
J115956.86-462903.3 DQ [C/He=−6.17] 6780 ± 170 0.533+0.038−0.035 7.930+0.046−0.044 1530+135−117 13.8+2.1−1.8
J124023.32-231756.1 DA H 5530 ± 40 0.202+0.008−0.007 7.082+0.021−0.021 1125+24−23 . . .
J125007.24+544646.7 DC H 3890 ± 90 0.351+0.036−0.032 7.575+0.057−0.054 5091+685−586 . . .
J125506.81+465517.1 . . . H 4810 ± 60 0.802+0.027−0.025 8.342+0.028−0.028 8913+171−182 13.2+0.2−0.2
J125506.81+465517.1 . . . He 4630 ± 60 0.702+0.028−0.027 8.209+0.030−0.029 7454+115−129 13.5+0.5−0.5
J125816.72+000708.0 DA H 15250 ± 560 0.566+0.052−0.051 7.915+0.067−0.068 163+28−26 10.8+2.7−2.1
J131253.16-472808.9 DC H 4240 ± 80 0.558+0.043−0.039 7.969+0.049−0.046 8096+505−522 19.1+1.6−1.4
J131643.36-153608.7 DA H 15210 ± 880 0.543+0.031−0.028 7.873+0.041−0.038 153+35−29 11.9+1.6−1.5
J132019.90-200652.6 . . . He 4720 ± 60 0.400+0.086−0.083 7.693+0.117−0.134 3510+1034−667 . . .
J132325.02+303607.3 DA H 6670 ± 120 0.490+0.058−0.056 7.822+0.075−0.078 1338+149−136 . . .
J133232.96-241118.1 . . . H 7430 ± 200 0.336+0.046−0.040 7.476+0.080−0.080 736+69−62 . . .
J133232.96-241118.1 . . . He 7100 ± 200 0.262+0.041−0.035 7.317+0.086−0.086 769+66−59 . . .MNRAS 000, 1–15 (2018)
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Table 2 – continued
Name Spectral Comp Teff Mass log g Cooling Age Total Age
Type (K) (M) (cm s−2) (Myr) (Gyr)
J134160.00-341501.7 DA H 5210 ± 90 0.598+0.031−0.029 8.027+0.036−0.034 4962+624−657 14.2+0.6−0.5
J134551.88+400100.9 DA H 17590 ± 730 0.558+0.071−0.069 7.890+0.092−0.098 92+25−21 11.1+4.1−2.8
J141353.86+153020.1 DA H 14310 ± 460 0.319+0.014−0.012 7.337+0.032−0.029 108+12−11 . . .
J141542.83+225644.9 DA H 24400 ± 1020 0.547+0.029−0.027 7.833+0.042−0.039 19+4−3 11.5+1.5−1.4
J142433.94+190634.0 DA H 15610 ± 570 0.517+0.041−0.039 7.821+0.057−0.056 129+22−20 13.4+2.7−2.2
J142649.92+094932.6 . . . H 15970 ± 540 0.505+0.050−0.047 7.796+0.069−0.072 113+21−18 14.1+3.6−2.9
J144101.58+013210.3 . . . H 10900 ± 360 0.503+0.101−0.097 7.819+0.130−0.145 386+74−69 14.5+8.9−5.1
J144205.74+220323.9 . . . H 8130 ± 320 0.414+0.098−0.085 7.657+0.140−0.146 688+125−100 . . .
J144205.74+220323.9 . . . He 7900 ± 250 0.350+0.091−0.075 7.555+0.140−0.149 693+111−85 . . .
J144350.27+505934.5 . . . H 6650 ± 140 0.578+0.054−0.051 7.979+0.064−0.064 1668+209−169 11.7+2.4−1.8
J144350.27+505934.5 . . . He 6550 ± 150 0.521+0.057−0.053 7.911+0.068−0.068 1638+172−152 14.6+3.6−2.8
J145048.53+073326.9 DA H 15120 ± 440 0.553+0.018−0.017 7.892+0.023−0.023 161+17−16 11.4+0.9−0.8
J145738.18+242336.7 . . . H 13320 ± 530 0.554+0.058−0.058 7.902+0.075−0.078 245+41−37 11.4+3.4−2.4
J150002.23+360017.9 DC H 4860 ± 60 0.411+0.031−0.028 7.696+0.044−0.042 3258+356−306 . . .
J150002.23+360017.9 DC He 4820 ± 50 0.383+0.028−0.026 7.657+0.041−0.041 3089+260−204 . . .
J150301.98+550942.7 . . . H 4000 ± 120 0.505+0.061−0.056 7.879+0.074−0.071 7903+795−772 21.9+3.7−2.6
J150301.98+550942.7 . . . He 4190 ± 70 0.515+0.053−0.050 7.911+0.064−0.064 6653+439−478 20.0+3.2−2.4
J150629.55-402631.0 . . . H 4590 ± 150 0.511+0.132−0.123 7.887+0.154−0.166 6115+1623−2014 19.7+9.9−4.3
J150629.55-402631.0 . . . He 4610 ± 120 0.499+0.128−0.121 7.882+0.150−0.166 5494+1181−1529 . . .
J151320.99+474322.5 . . . H 5910 ± 100 0.519+0.054−0.051 7.883+0.066−0.068 1958+202−178 15.1+3.5−2.6
J151320.99+474322.5 . . . He 5780 ± 100 0.452+0.055−0.053 7.788+0.072−0.074 2069+279−216 . . .
J151530.80+191121.2 . . . He 4620 ± 60 0.420+0.049−0.046 7.734+0.066−0.068 4106+614−522 . . .
J153034.17-750526.2 DA H 21960 ± 1970 0.493+0.051−0.041 7.734+0.077−0.067 27+15−8 . . .
J153719.34+223720.8 . . . H 4370 ± 100 0.297+0.103−0.089 7.441+0.169−0.195 3147+942−597 . . .
J153719.34+223720.8 . . . He 4530 ± 70 0.341+0.108−0.096 7.565+0.160−0.185 3249+1025−671 . . .
J160114.77+534609.2 DA H 7200 ± 130 0.521+0.030−0.029 7.875+0.038−0.037 1184+87−79 14.2+1.8−1.6
J163731.64+010031.5 . . . H 6330 ± 120 0.514+0.068−0.065 7.870+0.084−0.088 1622+205−183 15.0+4.8−3.3
J163731.64+010031.5 . . . He 6240 ± 120 0.463+0.069−0.066 7.806+0.088−0.094 1645+219−211 . . .
J164413.61+270120.1 DA H 24400 ± 2940 0.537+0.081−0.059 7.814+0.113−0.094 19+14−7 12.1+3.9−3.6
J165705.14+860044.3 . . . H 7360 ± 300 0.688+0.070−0.065 8.153+0.079−0.074 1663+396−239 8.1+1.7−1.1
J165705.14+860044.3 . . . He 7180 ± 290 0.619+0.074−0.067 8.072+0.083−0.079 1631+348−251 10.1+2.6−1.8
J165708.82+205605.6 DA H 34140 ± 2690 0.452+0.034−0.030 7.528+0.073−0.065 7+2−1 . . .
J171315.03+520618.7 . . . H 6010 ± 190 0.488+0.104−0.096 7.824+0.130−0.138 1744+351−310 . . .
J171315.03+520618.7 . . . He 5890 ± 190 0.429+0.105−0.095 7.744+0.137−0.148 1815+469−326 . . .
J171529.75-732353.0 . . . H 4950 ± 170 0.806+0.089−0.084 8.347+0.097−0.091 8569+477−707 12.8+0.8−0.6
J171529.75-732353.0 . . . He 4810 ± 150 0.728+0.092−0.085 8.248+0.098−0.092 7275+257−418 12.8+1.7−1.3
J171740.66+442805.1 . . . He 4900 ± 70 0.483+0.055−0.052 7.853+0.068−0.069 4605+656−708 . . .
J173059.01+115808.8 . . . H 12950 ± 890 0.563+0.046−0.043 7.920+0.059−0.057 272+64−53 11.0+2.3−1.9
J173059.01+115808.8 . . . He 13610 ± 900 0.568+0.066−0.058 7.966+0.080−0.074 254+66−52 10.8+3.1−2.5
J173149.47+033123.4 . . . H 18590 ± 2250 0.253+0.027−0.022 6.944+0.113−0.102 762+0946 . . .
J173149.47+033123.4 . . . He 20130 ± 3670 0.261+0.030−0.028 7.071+0.099−0.096 33+28−22 . . .
J174148.13+231434.1 . . . H 5940 ± 90 0.526+0.035−0.033 7.895+0.042−0.042 1960+138−121 14.6+2.0−1.7
J174148.13+231434.1 . . . He 5810 ± 90 0.457+0.036−0.034 7.798+0.047−0.047 2052+199−165 . . .
J174938.34+824717.4 DA H 6840 ± 400 0.457+0.075−0.059 7.756+0.100−0.087 1159+243−188 . . .
J180455.10+342800.8 . . . H 9200 ± 320 0.360+0.084−0.070 7.519+0.137−0.144 448+69−58 . . .
J180455.10+342800.8 . . . He 9270 ± 420 0.321+0.085−0.064 7.465+0.146−0.147 436+73−61 . . .
J182458.15+121300.1 . . . [H/He=−0.11] 3370 ± 50 0.282+0.023−0.020 7.420+0.042−0.041 5239+368−340 . . .
J185700.13-462723.1 . . . H 12420 ± 1280 0.599+0.078−0.069 7.987+0.093−0.089 334+121−89 9.5+3.2−2.4
J185700.13-462723.1 . . . He 12140 ± 950 0.534+0.096−0.077 7.912+0.116−0.106 328+101−76 12.6+5.4−4.0
J192615.75-462738.4 . . . H 4200 ± 160 0.293+0.084−0.064 7.432+0.141−0.135 3396+942−551 . . .
J192615.75-462738.4 . . . He 4420 ± 80 0.351+0.073−0.064 7.588+0.110−0.112 3615+779−597 . . .
J194000.62+834851.5 . . . H 4780 ± 90 0.773+0.038−0.037 8.298+0.041−0.039 8834+273−294 13.5+0.4−0.3
J194000.62+834851.5 . . . He 4700 ± 80 0.715+0.040−0.036 8.229+0.042−0.040 7399+150−179 13.2+0.7−0.6
J194111.82-180116.5 . . . H 9020 ± 360 0.574+0.085−0.080 7.960+0.101−0.104 746+142−114 11.0+4.4−2.9
J194111.82-180116.5 . . . He 8840 ± 410 0.507+0.090−0.080 7.876+0.111−0.111 732+147−123 14.6+6.7−4.5
J195039.59-585334.3 . . . H 4600 ± 150 0.362+0.091−0.074 7.595+0.133−0.129 3295+1019−550 . . .
J195039.59-585334.3 . . . He 4670 ± 110 0.377+0.083−0.072 7.644+0.118−0.119 3350+905−568 . . .
J200638.18+454451.6 . . . H 4380 ± 80 0.482+0.044−0.041 7.836+0.055−0.053 6244+680−673 . . .
J200638.18+454451.6 . . . He 4460 ± 60 0.485+0.040−0.037 7.858+0.049−0.049 5601+443−452 . . .
J201741.05+024051.9 . . . H 11170 ± 430 0.409+0.026−0.024 7.618+0.042−0.040 287+36−32 . . .
J201741.05+024051.9 . . . He 11730 ± 570 0.382+0.036−0.031 7.599+0.059−0.054 253+41−35 . . .
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Figure 5. SED fits for three DC white dwarfs with He-rich atmospheres. The symbols are the same as in Fig 4. The bottom panels show
the optical spectra (black lines) around the Hα region for the same stars, and the predicted Hα line profiles from the best-fitting pure
H atmosphere white dwarf models. The lack of Hα absorption clearly indicates He-rich atmospheres for J0248−3001 and J0544+2602,
and the observed photometry favors mixed atmospheres with roughly equal amounts of H and He in J0346+2455 (WD 0343+247) and
J0544+2602.
dwarfs shown in Figure 6 have M > 0.5M, and therefore
are consistent with single star evolution. J1049−7400 is a
H atmosphere white dwarf only 42 pc away from the Sun,
with Teff = 3940 ± 180 K, M = 0.694+0.079−0.069M, and a cooling
age of 10310+480−558 Myr. Similarly, J1503+5509 is a 0.51-0.52
M white dwarf 75 pc away from the Sun, with Teff = 4000-
4190 K and a cooling age of 6.7-7.9 Gyr, depending on its
atmospheric composition.
5 DISCUSSION
5.1 White Dwarf Cooling Ages
Our detailed model atmosphere analysis indicates that 51
and 13 of our halo white dwarf candidates are best explained
by pure H and pure He atmosphere models, respectively.
The latter include the DB white dwarf J0007−3113. There
are three DQ white dwarfs in our sample with He atmo-
spheres and trace amounts of C, and there are also five
white dwarfs with mixed H/He atmospheres, including the
ultracool white dwarfs WD 0343+247 and J1824+1213. We
cannot determine the atmospheric composition for the re-
maining 70 stars.
Figure 7 shows the cooling ages of our targets based on
H- and He-atmosphere model fits for ages older than 1 Gyr.
The solid line marks the 1-1 line. The white dwarf cooling
ages of our targets range from 7 Myr for J1657+2056 to
10.3 Gyr for J1049−7400. The choice of atmospheric compo-
sition has a small impact on the cooling ages for stars hotter
than about 5000 K (e.g., Harris et al. 2006). For example,
J2203+3420 is either a Teff = 4980 ± 120 K, pure H atmo-
sphere white dwarf with a cooling age of 2391+710−475 Myr, or
a Teff = 5010 ± 100 K, pure He atmosphere white dwarf with
a cooling age of 2580+791−411 Myr. However, the differences be-
come significant for cooler white dwarfs, especially for cool
white dwarfs that show significant infrared flux deficits. For
example, two of the mixed H/He atmosphere white dwarfs in
our sample, WD 0343+247 and J1824+1213, are significant
outliers in Figure 7.
There are 11 white dwarfs with cooling ages that differ
by more than 1 Gyr between the H and He atmosphere solu-
tions; only five of these cannot be classified reliably based on
the available data. The rest are clearly H-rich atmosphere
(either pure H or mixed H/He) white dwarfs. Hence, the un-
known atmospheric composition does not have a significant
impact on our age measurements. Ignoring the pre-white
dwarf evolutionary lifetimes, the coolest white dwarfs in our
sample present a firm lower limit of 10.3 Gyr for the age of
the Galactic inner halo.
5.2 Total Ages from Recently Formed White
Dwarfs
Figure 8 shows the masses and cooling ages for our halo
white dwarf sample. There are a significant number of re-
cently formed white dwarfs with relatively short cooling
timescales. Their total ages (cooling age + main-sequence
MNRAS 000, 1–15 (2018)
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Figure 6. SED fits for six ultracool white dwarfs. Only two of these white dwarfs, J0745+2626 and J1250+5446, have optical spectra
available, and both are DC white dwarfs, but given their temperatures we do not expect to see any H absorption lines anyway. All but
one of these objects are clearly H atmosphere white dwarfs based on near-infrared photometry. The SED for J1503+5509 is not precise
enough to favor either of the H or He atmosphere solutions.
Figure 7. Cooling ages of our halo white dwarf sample based on
H- or He-atmosphere fits. Two objects with mixed atmospheres,
WD 0343+247 and J1824+1213, are labelled. The solid line marks
the 1-1 ratio.
+ giant-branch evolutionary lifetimes) depend largely on
their main-sequence lifetimes, which are ∼ 10 Gyr for the
progenitors of 0.5M white dwarfs, but significantly shorter
for 0.6M white dwarfs. Hence, a small uncertainty in the
white dwarf mass can imply a large uncertainty in the total
ages. Another complication in age measurements is that the
initial-final mass relation is loosely constrained for 0.5M
white dwarfs, due to the difficulty of obtaining follow-up
spectroscopy of similar white dwarfs in globular clusters.
Kalirai (2012) used the recently formed white dwarfs in
the 12.5 Gyr old globular cluster M4 and the results from a
Hubble Space Telescope imaging survey of 60 globular clus-
ters (Sarajedini et al. 2007) to derive a relation that links the
mass of remnants forming today to the parent population’s
age
log(Age) = log(Mfinal + 0.270) − 0.201−0.272 Gyr, (2)
where Mfinal is the white dwarf mass in M. Since this re-
lation is based on > 10 Gyr old globular clusters, it is valid
over the white dwarf mass range of ≈0.5-0.6 M. Based on 4
halo white dwarfs, Kalirai (2012) used this relation to derive
an age of 11.4±0.7 Gyr for the Galactic inner halo, and noted
that this age measurement can be improved significantly by
a larger sample of recently formed halo white dwarfs.
We use the same relation to estimate the pre-white
dwarf evolutionary timescales and the total ages (including
the white dwarf cooling ages) of each source in our sample.
These ages are included in Table 2. Ignoring the M < 0.5M
white dwarfs, which are likely formed through binary evolu-
tion, all but one of the white dwarfs with cooling ages < 1
Gyr (Figure 8) have masses consistent with M = 0.5−0.6M
within 1σ. Similarly, only nine of the white dwarfs with ≥ 1
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Table 2 – continued
Name Spectral Comp Teff Mass log g Cooling Age Total Age
Type (K) (M) (cm s−2) (Myr) (Gyr)
J202329.14+700151.2 DA H 7200 ± 250 0.529+0.053−0.045 7.891+0.064−0.060 1213+162−140 13.7+2.8−2.5
J203219.87+812459.5 . . . H 9410 ± 410 0.393+0.110−0.091 7.597+0.165−0.175 449+97−73 . . .
J203219.87+812459.5 . . . He 9540 ± 530 0.356+0.112−0.087 7.552+0.174−0.180 429+99−74 . . .
J203837.43-171815.4 DA H 16970 ± 1380 0.537+0.048−0.040 7.854+0.063−0.057 99+39−29 12.2+2.4−2.3
J204235.77-521820.1 . . . H 5160 ± 110 0.561+0.066−0.063 7.967+0.077−0.078 4443+1140−1052 15.3+2.6−1.5
J204235.77-521820.1 . . . He 4990 ± 90 0.474+0.062−0.058 7.837+0.077−0.080 4247+749−764 . . .
J205256.12+070929.5 . . . H 3590 ± 150 0.429+0.081−0.071 7.741+0.105−0.105 7928+1015−1212 . . .
J212742.15+154538.2 . . . H 6090 ± 140 0.737+0.040−0.039 8.235+0.044−0.043 3758+389−389 9.1+0.4−0.3
J212742.15+154538.2 . . . He 5860 ± 130 0.635+0.042−0.040 8.102+0.047−0.045 3698+564−527 11.6+0.9−0.7
J213951.50-255431.5 . . . H 9080 ± 300 0.840+0.056−0.056 8.381+0.064−0.063 1466+307−247 5.2+0.5−0.3
J213951.50-255431.5 . . . He 8710 ± 330 0.754+0.064−0.063 8.277+0.070−0.069 1366+275−218 6.4+1.1−0.7
J214959.88+540841.9 DA H 10420 ± 270 0.484+0.023−0.021 7.786+0.032−0.030 418+33−31 . . .
J220324.15+342044.5 . . . H 4980 ± 120 0.352+0.103−0.087 7.565+0.152−0.164 2391+710−475 . . .
J220324.15+342044.5 . . . He 5010 ± 100 0.355+0.101−0.089 7.595+0.147−0.163 2580+791−411 . . .
J222549.64+635748.2 . . . H 4990 ± 170 0.468+0.081−0.064 7.806+0.101−0.091 3616+1211−935 . . .
J222549.64+635748.2 . . . He 4960 ± 140 0.449+0.069−0.058 7.789+0.089−0.081 3842+908−723 . . .
J223707.28+063611.2 . . . H 3860 ± 130 0.543+0.094−0.089 7.945+0.107−0.112 8911+909−1040 20.6+5.2−3.0
J225755.79+294945.9 . . . H 8340 ± 190 0.535+0.037−0.033 7.895+0.046−0.044 836+72−64 13.0+2.0−1.8
J225755.79+294945.9 . . . He 7960 ± 150 0.440+0.032−0.030 7.751+0.045−0.044 822+61−55 . . .
J230853.31-134726.0 . . . H 7420 ± 240 0.764+0.058−0.057 8.271+0.064−0.064 2176+448−394 7.0+0.7−0.4
J230853.31-134726.0 . . . He 7140 ± 230 0.676+0.063−0.061 8.162+0.069−0.068 1980+415−333 8.7+1.5−1.0
J231908.89-061314.6 DC H 4500 ± 70 0.446+0.031−0.028 7.770+0.040−0.039 5021+550−494 . . .
J231908.89-061314.6 DC He 4600 ± 50 0.461+0.022−0.021 7.813+0.029−0.029 4857+303−291 . . .
J232410.45-592817.2 DA H 10780 ± 310 0.531+0.025−0.023 7.874+0.032−0.031 424+37−34 12.8+1.4−1.3
J232611.38-271448.4 DC/DA: H 5320 ± 120 0.475+0.068−0.063 7.810+0.087−0.088 2440+636−386 . . .
J235418.84-363405.6 DA H 15140 ± 840 0.622+0.035−0.032 8.016+0.042−0.040 196+40−33 8.5+1.2−1.1
J235435.58-322120.3 DA H 10260 ± 710 0.534+0.094−0.072 7.882+0.116−0.099 487+124−95 12.7+4.9−4.0
Gyr cooling ages have masses more than 1σ away from this
range.
Two of the white dwarfs studied by Kalirai (2012) are
included in our halo white dwarf sample. We measure a to-
tal age of 11.4+0.9−0.8 Gyr for J1450+0733 (WD 1448+077),
which is in excellent agreement with Kalirai (2012). How-
ever, Gaia parallax measurements indicate a relatively low-
mass of M = 0.493+0.051−0.041M for J1530−7505 (WD 1524−749,
see also Gianninas et al. 2011), and we refrain from estimat-
ing its total age.
Figure 9 shows the total ages of our halo white dwarf
sample as a function of effective temperature. Only objects
more massive than 0.5M and with a preferred atmospheric
composition are shown. The red lines show the cumulative
average and its 2σ error range as a function of decreasing
effective temperature. Limiting our sample to the recently
formed white dwarfs with Teff > 10, 000 K, or with white
dwarf cooling ages of < 500 Myr, the weighted mean age is
10.9 ± 0.4 Gyr, which is again in excellent agreement with
Kalirai (2012)’s estimate of 11.4 ± 0.7 Gyr. Including the
objects with unknown composition, but with Teff > 10, 000
K, and using either the H or He solution still gives the same
mean age of 10.9 ± 0.4 Gyr. However, this method clearly
over-estimates the total ages for the coolest white dwarfs in
our sample, as they all have estimated total ages above 15
Gyr.
5.3 Total Ages from the Coolest White Dwarfs
The age versus final mass relation derived by Kalirai (2012)
is relatively flat in the 0.5 − 0.6M range, giving main-
sequence lifetimes of 9-14 Gyr. However, this relation is
based on spectroscopy of relatively bright white dwarfs in
globular clusters; it is not calibrated for the faintest white
dwarfs with relatively long white dwarf cooling ages. Hansen
et al. (2007) find that the truncation in the white dwarf
luminosity function of the globular cluster NGC 6397 oc-
curs when the mass of the main-sequence progenitors signif-
icantly increase, which corresponds to a significant decrease
in age. For example, J1049−7400 has the largest white dwarf
cooling age in our sample, but it is relatively massive with
M = 0.694+0.079−0.069M. Hence, the age-mass relation given in
equation 2 is not appropriate in this case.
We use the initial final mass relation from Kalirai et
al. (2009), and the pre-white dwarf evolutionary lifetime of
halo-metallicity main-sequence stars with [Fe/H]= −1.5 from
Hurley, Pols, & Tout (2000) to estimate the total ages of the
coolest white dwarfs in our sample. Table 3 presents the total
ages based on this method for five of our halo white dwarfs
with ≥ 5 Gyr cooling ages and with a preferred atmospheric
composition.
The total ages for these five white dwarfs range from
≥ 10.2 Gyr to 14.4 Gyr. For some of these targets we are
only able to put a lower limit on the total age since the mass
is near the boundary for low-mass white dwarfs (0.5M).
Regardless of this, there are two white dwarfs with well con-
strained ages. J1049−7400 is a 3940 ± 180 K, H atmosphere
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Figure 8. Masses and cooling ages of our halo white dwarf sam-
ple. For objects with unknown atmospheric composition, both H
and He atmosphere solutions are shown. Many of the white dwarfs
in our sample are low-mass (M < 0.5M), and are likely formed
in binary systems.
Figure 9. Total ages, including the pre-white dwarf evolutionary
lifetimes, of our halo white dwarf sample. Only objects with M ≥
0.5M and a preferred atmospheric composition are shown. The
red lines show the cumulative average and its 2σ error range as
a function of decreasing effective temperature.
white dwarf with a best-fit total age of 10.9 Gyr. Taking
into account the errors in mass and cooling age, the total
age is constrained to between 10.9 and 11.1 Gyr, providing
an excellent age measurement of the inner halo. Similarly,
J1147−7457 is a 4210±80 K, H atmosphere white dwarf with
a best-fit total age of 10.4 Gyr, and an age range of 10.2-11.7
Table 3. Total ages for five of our halo white dwarfs with M >
0.5M, a preferred atmospheric composition, and relatively long
white dwarf cooling age of ≥ 5 Gyr. Here we use the initial final
mass relation from Kalirai et al. (2009), and the pre-white dwarf
evolutionary lifetime of halo-metallicity main-sequence stars from
Hurley, Pols, & Tout (2000) to estimate the total age.
Name Composition Total Age
(Gyr)
J075015.56+071109.3 He ≥ 10.2
J104957.54−740028.4 H 10.9+0.2−0.0
J114730.20−745738.2 H 10.4+1.3−0.2
J131253.16−472808.9 H 11.8+. . .−1.6
J223707.28+063611.2 H 14.4+. . .−3.5
Gyr. These ages are consistent with the age constraints from
the recently formed white dwarfs discussed above.
Our conservative selection excluded some of the well
known cool white dwarfs like J1102+4113 (Hall et al. 2008).
Gaia Data Release 2 provided a parallax measurement of
$ = 28.649±0.289 mas for this white dwarf, which is consis-
tent with the distance measurement reported in Kilic et al.
(2012, 33.7±2.0 pc). J1102+4113 has a total age of 10.6-11.1
Gyr, which is similar to the total ages for the coolest white
dwarfs in our sample.
6 CONCLUSIONS
We use the Gaia $ ≥ 5σ$ white dwarf sample to measure
the velocity dispersion of the Galactic disc, and identify 142
halo white dwarfs in the solar neighborhood. We perform
a detailed model atmosphere analysis of these white dwarfs
and constrain their masses and cooling ages. We estimate
an inner halo age of 10.9± 0.4 Gyr from the recently formed
white dwarfs found in our sample, and the coolest white
dwarfs also confirm this age measurement.
Figure 10 compares our halo age measurement with the
white dwarf luminosity function based ages of the local thin
disc and thick disc populations (Kilic et al. 2017), as well
as four of the oldest clusters observed by the Hubble Space
Telescope. Hansen et al. (2007, 2013) measured ages of 11.5
± 0.5 and 9.9 ± 0.7 Gyr for the globular clusters NGC 6397
and 47 Tuc, respectively. Similarly, Bedin et al. (2009) and
Garc´ıa-Berro et al. (2010) measured ages of 11.6 ± 0.6 Gyr
and 8.0± 0.4 Gyr for the globular cluster M4 and the metal-
rich open cluster NGC 6791, respectively.
Our halo age estimate is consistent with the white dwarf
based ages of the globular clusters M4, NGC 6397, and 47
Tuc, as well as the age measurements for the inner halo from
Kalirai (2012, 11.4± 0.7 Gyr, based on 4 white dwarfs), and
Si et al. (2017, 12.11+0.85−0.86 Gyr, based on 4 white dwarfs with
parallax measurements). Note that all of the errors quoted
here are internal errors. Studying a large number of spectro-
scopically confirmed blue horizontal branch stars, Carollo et
al. (2016) find a clear concentration of very old stars extend-
ing out to 10-15 kpc from the Galactic center and measure
an age gradient of −25± 1 Myr kpc−1 as a function of radial
Galactocentric distance, R. They measure an age of ≈11.4
Gyr for R = 8 kpc, in the Sun’s vicinity. This is consistent
with our white dwarf based age measurements, confirming
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Figure 10. Age-Metallicity relation based on white dwarfs in the
open cluster NGC 6791, globular clusters 47 Tuc, M4, and NGC
6397 (Hansen et al. 2013, and references therein), the local thin
disk and thick disk (Kilic et al. 2017), and halo (this study).
that the theoretical uncertainties due to the unknown core
composition, helium layer mass, crystallization and phase
separation are ∼ 0.5 Gyr (Montgomery et al. 1999) for the
oldest white dwarfs in the Galaxy.
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